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fJul~a Power ,qst~m~ which ● rc capabln a# deliv~ring smvaral

m~0~JOUl@8 of clactrical enorgv to arrpsrimental Iotds in a fraction of

● microsecond ● re currentlq o+ antorest in tha scientific commun~tw for

driving ● varietq of plasma znd particle b-am loads. Practical

con%ldcrations of cost ●rd complexity fr-quantlq demand that sqstom

deslgncrs make use of primary powar ● ourcea that are both compact ●nd

economical. Such co.npact power sources as #luz compression generators

●nd large r~latlvely low voltage capacitor banks roprescnt 6conomical

w-aq9 to make ~UltA-~~gdJ!YL#l@ level ●nergias reatiilq ●vailable.

~’n~ortunatelq, larg~ banL= and generators invariable suffer frsm the

fact that their charac+erlstic energv -J@llW@r~ tlme~ are much longer

than the time scal~s that are requxr~d for the ~xperiments. Thus

intarmeaiata power c~mpresuion =qstama art u%ual:q ● part of the

conceptual package. ●nd ccrndztionlng tachnlques based upon inductive

(magneklc) ene?gg storage rmprasenk economical. compact ●poroa:hes

which complement th~ %Ize ~nd COS% ch~ra~teristics a? thtiae pr~mar~

powar scrurces.

Tha fu[ld~m~ntal ch~lltnge ●ssociated with the use o+ the lnduct~ve

pawur conditioning s~st~rns AS, of cuuraa, the opening switch element

that iu naedcrd to r~lud=a e[largy from the ~tare, and the fundamentaIlg

lfJrIs time <c~lu~ U+ thu=c prlmarq cnarg~ aourcut furth~r compllcd~e ● n

●lreddq Jlfflcult rnwttchlnq f.d9k. Ak prouent t.wQ openxn~ switch

twchnlqu~s wh~ch hav- h~arl su~cesfifullh d~,morrstr-ated ● t th? magdmpcre

level aru. thu eleutrlcallq explcded f’uue, arl~, tha m*char,Acallq or



@xplosiv*lq ~uptured conductor switch. (dhile Fuse system% have

successfully conjuct~d curranks o@ several tens OF megampsn and have

i~terru?ted these current% in ●bout 200 nS whxla withstanding several

hundred kilovolts (1), simpls circuit calculations shou that $uses

designed for these inte:rupt tifnes* exhibit Very large losses when

requirad to conduct for 10’s of microseconds. And fuses ptoperly sized

for long conduction time demonstrate unacceptably long Interruption

times. (IC the othar hand, ruptursd conductor switches (“breakers”}

which can ba sized to retain coId metal conductivity (and the

associated low losses) in the presence of megamp current For long

periods cannot, in general. be opened in submlcrosecond times.

A comparison of the performance of these twa tqp~s CIf opening

switches for long time •~aie sqstems is 9hOwII in the circuit

calculations presented ~n Figure i. For this calculailon. a simplified

clrcult consisting of a 113 MJ capaci~.or barrk operating at G(! KU with a

a~ m~crasecond quai-t-:r period is %witchad into a Zd n}+ load These

bank para,maters are char=acteristlc of such Sq=tem% ● s the ~hlva =tar

%vqt~m I? ~t were connected For “all pdrall@l” Operaclon. and the load

lrrductance LS comparatilw to :hat af a variety 04 plasma CT plasma

%ultch evperlmerrt~ ~urrenkly und=r can*id@r-atlon in the cl>{cmurritq. (2,3}

lUJrJ muduls UF opening qwl~ches *T.= employed the [r@u=uit
1S descr~bed

bq Jn empc-rlcal mod~l ~.or material rwrni9klvitq d% ● ~urlctlon of’

sp~cl~ic ln~ernal ●IIWry’J (wheI-u lrlt~rnal enargq 19 th8 rernult UF ahmlc

Ileaklrrg lrr kllfl flJ9e) I?eslstivitq datarmln?d bq the mcrdei iz then used

ta %waluate t-use realst~ll~u i’I-Qm the known ~~se g~’omckry. T!? e

“brga~gr”’ i~ da~crlh~d aq a +’u9Q at varglrrg eras%-?iactlon The frame



~use model is emplo~ed buk, in ●ddition. the =ross.-saction of thm

conductor i- reduced bq an externi%lly imp~sed function which

●Ppraximat=lq describes the burn of ● small high ●xplosive (HE) charga

transverse to the direc~ion ~f Current flow. Th@ currant tractes in the

$~glJrC show a 2-3 microsecond risetima ?or the c~rrenk in tha load in

the case of .he brealier ●nd an .aImost 10 microsecond risetime foi th@

fuse. In order to attain this relatively slow risetime For the fuse it

hds been necessary to size the fuse so that it interrupts ●bout 25X

before the full quarter period of the bank. And even with z relatively

slow risetxme. the ~use deIivers only about 75X o+ the current to the

load compared to that deIlvered bv the breaker. However, ● b-en the

breaker (with ● ~omewhat optimistic model) displags risetima~ in the

load ~hich are stiI1 long compared to the 100-200 nS rise times

r9qulred for many I~ads 0$ CL1rren~ interUSt.

An ~buious zppraach to this diIem~ma is, then, to combine the two

e13m9nt5 in ● “staged” •w~tchiriy sqstem in which the rupturca conductur

Swi+;ch carries the CfJrr@Pk which supports the magnetically stored

erjcrgy In the lnduckor #or the relatively long period of tzmc needed to

“charger’ tha Inductor ; rom a slow sourr-e. This “breaker” then opens in

tlmqs o; a $ew mlcr’3sec,3ni15r transfers currant to angth~r switch

%Igment which may be ii high currant. high speed Pu%e. The fuse accupts

the c,lrrent during the mi.:rusecond long times req~Jlred #or the breaker

tcr Open. ● nd t~ eutabll~h ~tseIf au ● high resls>ancc path capable of

%,~~p~rting relatlv~ly h~gh voltages. The i-use then CIpFrrs In times

Ch~~*c~~rL~~ic ~~ kbg ?a3k interruption alreadq demonstrated in

prq-.flous t~ork (4) Ag-airl simple circuit calculations suggest that the
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combined brgaker/fu=e system can ba designed so that ●ach ● lemant is

called upon to #unction weil within its optimum parameters OF current.

current density, and time.

The Air force ldeapons Laboratory, working ~olntly with LOS Alamos

hfa%ional Labciratory. has conducted ● series of experiments directed ●t

explarin~ composite, or Stagedn switching techniques for use in opening

switches in ●pplications which requirs the conduction 0$ verq high

zurrsnt3 (or cL1---rant detr3ities) with ‘very 1(cW Ios=cs #or relatively

lang times (several ten~ of mic~aseconds). and the interruption of

these currents in much sharker times iulk-.matelq a few hundred

nanoseconds). This Papei reports the results af &hose exp~rlments.



Wuwasak

Th- sxparimmnks consisted of ● parallal combination of ● n

ekplosivelq driven current “break#r”, ● high speed #use openzng switch

●nd ● fixed inductance load coil smparated bq s@X#--closing, 1 Ou

lnductanca surfac~ tracking switch-s. Figure 2a shows the circuit

emploq~d in the experimental series. ●nd Figure 2b shows ● photograph

of th~ assembled expqrimant. A relatively large, 1S00 UF capacitor

bank, charged to 20 Kv~ was emploqed as the primarq currant source.

Emergg 4-ram the bank waa transferred to ● storage inductor of ●bout 24S

nH reaching a peak valua OF aImost 1.2 MA in ● time of ●bout 32

microseconds. The tlmescal~ for the experiment was chosen because it

i3 characteristic of the ~ina18 high energv gain, portion c+ the

Qperation of ● mulkimegaJouIQ flux compl”ession generator or ~+ a

raIativelq aimpIe multl-megadoul~ capacital” bank.

During the charging time of the inductor, the current path was

completed bq current flowing in the explosively operated llbrealrerU,

Clsi . The detonation OP a miniscule explosive charge in the broaksrt

which starts the switching process~ was timed to co~ncide with the time

of peak current in the inductor. Upon interruption, the ‘“brtiaker”

dev@lopad a r~lativ~lq Iarga voltage of about lB kxlovolts which was

Imposed across a iow inductance surface tracking closing switch, Csl,

cau~ing the swi+ch to closa in mulklple channels and conneckcd the #use

in parsllal with thg nod rising impedance of breaker. The init~allq

low ampedat~ce of the fuss path diverts current from the breaker path

allowing tha breaker to “recovarll electrical strength and increasa in

tmp9danc9. Au kh~ currant flows in the furne~ howevert the #uQe begin~



to heat, Znd malt, ● s in conventional fuse operttion. After a few

microsecmds the tusc vaporizes which results in a larg~ increase in

the impedance o# the fuse path. Tha rising impedance impresses ● large

voltage across the now “reca~eredn breaker ●nd acrass closing switch,

C921 which has~ up &a *his point~ isolated the power condiiianing

system from the inductiv~ load. cw is also a surface tracking switch

whose parameters are gelected so that it closes at much higher voltage

than did CSi. The much higher voltage developed by operation 04 the

PUSQ compared to the initial charge voltage OF the capacitor bank gives

rise to a much larger dI/dt in the load inductor and greater power

deIivered to the load.

M91W5 ive Actuated ijreaker

For these experiments the breaker, which is an extension if a

design suggested bq NRL (5), consisted of a co~pcr cunductor .010”

thick and IS cm wide. The conduckcr was Folded into a series o+

hairpin sections 3s zhown in Figure 3 and was supported, and confined

by insulating polyethqlena blocks. The “hairpin” bend of the conductor

surrounds a ~mall (approx 7mm diametar) explosive zharge which ma~

consist OF commercial dct~nator cord containing Up to 300 grainsi”?t

PE7N Explosive charg~l but which @or this experiment was a

cylindrically ●xtrudad form o@ commercial “Deta--sheet” explosive

consisting of about S0% PETN bq wmight in a flexible binder. The

explosiva charge i~ detonated in th~ center of the Qolded conductor ~nd

burn% toward both outside edges at ● speed of about 7 mm/uGec in each

direction and rupturing the conductor in the process, The burn reaches

the outer edge of the conductor about 10 uGec a~t~r detonation. As the



b,~rn •pp~oach,s tho ●dge 04 tha strip tha ●ffective cress SSCti9n of

catiductor prcsmn~ed to thr currant is reduced ●nd the remaining

conductor begins to beat rapidlq -- ●nd eventually the cctnductor malts,

●nd vaporizes, TtIus the final interrupting ●ction of the breaker is ●

combination OF ● mechanical rupturing ●ction ●nd ● fusing action in the

rapidlq reducing crass -~ection of the switch.

Surface Trac kina Swjtches

The sur~ace tracking switches in locations CSi and CS2 wero

tailored to close in multichannel breakdowns ●t 1S-20 KU Por the switch

in the @use branch of the circuit, ●nd at ●bout SO KV in the load

branch. As shown in Figure 4, the switches consist o# a pair 09

electrodes in norma I atmosphere air separated by a dielectl”ic surface.

A mekaI canductgr Iocated .~15~’ to . 040” below the sur?ace establishes

the component of the gap eIectric field that lies perpendicular to the

surface of the insulator. The breakdown voltage of the switch is, as

exp~cted, a function of the electrode reparation, but is aIso a

rernarkablq stong function of the depth of the “guide” conductor and the

dielectric constant of the surface material. Howsver, when the switch

parameters are prapqrly chosen, verq reproducible, low loss,

multichannel, lom inductance breakdown of the gap can be achieved with

voltageu OF ten to hundreds OP KV.

Fu9e ~fyrli~g Sw itch

The fuse opening switch, shown in tha photograph in Figure S, ●nd

used in posihion CM2 is representative o+ the high current~ high speed

fuse tochnolagq which has bcerl developsd at the AF Weapons Laboratory



during the last 5 ysars. For this ●xporimantal ~aquenca. the ~us~ was

aluminum foil mat-rial . OOi” thick, shaped into two parallel strips

each ●bout 10 cm wide ●nd 50 cm long. The fuse was configured in ● low

inductance, #lat, package with a wide, ridged conductor returning

current under the fuse. The foil material was surrounded by a “quanch”

material of commercial bead blasting material composed of soda-iime

gIas3 spheres with a uniPorm diameter of about 100 microns. The quench

material serves to cool and coridense the metal vapor from the exploded

fu~e ●nd prevents the vapor #rem heating to the paint where significant

thermal ionization may Lead to reconduction in the fuse.

I.lkunmti

As seen in the photoqPaph in Figure 2b the breaker and the #use

are located on twn adJacent arms SF a crosrn shaped transmission line

with the storage inductor and cable transmission lines to the capacitor

bank occupying the third ~rm and the “theta-coil” inductive load

occuping the fourth arm. The connection between the central line and

the breaker is hard bolted along the central axi~ o+ the transmission

line and the closing switches CSi and CS2 comprise the connections on

the transverse arms. Current measurements with Rogow9ki coil ● re made

cro~~nd each of the four arms of the line~ and tialkage measurements are

mad~ with capacitive voltage probes on the ce:iter c+ the line, an the

FUSH, and on the load ~ides of CS1 and CW. ,In addition, v,~ltage

meagurem~nts mdde with ● shunt resistor and currsnk transformer were

made from the center ot the line,



The experimental con~iguration was chosen to maximiza ease Of

L and hencs no effort was mada to achieveoperation ●nd measurcmer~.

marimum circuit e?fliciencies in ● ither the overall sqstem or tho

individual components. The dstailod equivalent circuit for the

experiment is shown in Figure A where the series resistance of the

bank, and the intrin~ic inductance o+ the elements have been included.

Figure 7 shows current racarded at the storage inductor (“A”) ●nd the

current observed through the breaker branch of the circuit (“8”).

Currents A and 8 are seen to rise together to ● peak of ●bout 1.2 HA in

31 microseconds. For comparison the analytic solution +or the f?LC

circ~Jit aquivelaat to the loop which charges the storage inductor is

alsn plotked showing that the system current is virtuaIlq the “short

circuit” current untiI the impedance of the breaker begins to rise

significantly at 33 microseconds after the beginning ofl the current.

After the breaker begins to interrupt, the breaker currenk is seen to

decrcasa verq rapidly in 5-6 microseconds.

During the rise a~ current in the storage inductor, the vol.tago

across the transmission line, shown in Figure Q, rem.3ins relatively

constant Sk about 4,3 KU. The valtage across the resistive compunent

of the breaker impedance i% ● lso plotted in Figure 8, This component

is found by subtracting the cuntributi~ i due to the 80 nH inductance of

the breaker from the measured “line” voltage. It is seen to remain

varg low until the rlJpkUr~ OF the breaker is begun by detor~ation of the

~4E at abouk S?4 micrq~ecnnda. The rtasistance OF the breaker, computod



Prom the ratio of tha re~iskivc compan-nt of tho breakar voltaga to tha

curr8nt (“8”1 in th~ breaker branch, is shown in F_igure 9. $igura 10

shows the same resistance data on ● n axpanded resistance seals to show

the early time behavior Q4 the breaker. Srom the initial ri,se OF the

current to the initiafian o# the smalL HE charge in the center OF the

breaker ●t 24 microsecor~ds, the breakar resi~tance is virbuallq

constant ●t 2.3 milliohws. This, somwhat tricky, measurement comparas

very #avorablq wi.tb the 2.3 milliohms that is eupected +or the 4 meter

long strip of .010” copper fail which comprises the breaker. Atter. the

initiatiian OF the charge, the resis~ance ia seen to increarne, first

S1OUIIU, then metie rapidly as the outward burning HE charge disrupts the

cunductor, reducing the current carrging cross-section, Ak 34

microseconds tho 7film/’lJ~i?C burn of the HE has ruptured 7 OP the 7. S cm

half-width of the conductor, leaving ● conductor cross-section o? i cm

)( ,OiO” to c.arrg fully 1 MA of current. Simple “action integral”

calculations shows that undsr these conditions thb copper conductor

will reach burst speriFic action (i. 4E9 A’L2*Sec/cm”4) in lesb than i

microsecond. Thus From 34 to 35 microseconds~ the remaining conductor

is rapidly vaporized while still being disrupted ~y the HE burn, and

Figure 10 shaw~ the rapid increase i:. bre~}. ; resistance accompanying

this oroceas. The total disrupted length of the b,,,:aker is about Q cm

●nd noting that r~sistirit~es o@ about S00 micro-ohm cm ● re common in

●leckrically ●xplodad canduckors (6), the i cm wide section would be

●xp~cted to displag a raslstance of about O. 4 ohms, As discussed

below, the se:ond (largar) voltage peak in Figure &l ig the result of

the fast interruption a+ current bu &ha second qtaga (fuse) switch, and

1



● tima corralatcd (hut vPry small) peak is obscrvad in currmnt “E” in

$iguru 7. Figure 7 show that the peak resistance OP ● lmost 1.3 ohms

i~ observed to occur simultancouslq with this zecond peab. lhe

subsequent drop in r~qistance to about 0.S ohms maq b~ a veal

observation a? the beginning breakdown or ‘r*s*rik,H in bhe braaker~

bug is mare Likelq an inaccuracy in the measurements caused bq the naed

to take the ratio bebueen voltage ●nd currenk when both have been

r~duced to varq small values (JU the operation o# the circuit, IrI

●ither case, the 1.3 ohm resistance observed in Figure 9 is ● n -

indicrntian OP the significant improvement rasultimg +rom the HE

disruption QP the breaker conductor.

Figure ii showm, on an expanded time scale, the breaker current

“B” during the infarruption, the current, “C”, rising in the +u~e

branch, and the (normalized) voltage acres, the transmission line

during the time when current is transferring from thu breaker branch to

the fus~ branch. At about 37.7 microseconds the surface trackiny

switch closes, as shown (JV the onset of current in the fuce “C” ~ and

bg abrupt changes in current “D” and in the voltage), Voltage

maasurem~nts made across the surface tracking switch result in

approKimdtQ measure o+ the closlng switch impedance a~d rough

approximations 011 the (tim~ cha~t~ing! inductance of the switch which

range from 3S - 75 nl+. At this tima ●boub 900 KA is @lowing in the

skorage inductor a~ maa%ured bu both current “A” and “D”, and applqinu

#lux comQervation to thv two loop *ranu#er process predicts currents

fram 400 to 7(X) KA in the combined inductance o# fJuGc and closing

~witch dapanding upen the value chosen for suitch inductance, Thus the



m~asurod valum 0$ paak fuse current of A80-A90 KA obc~rvad in Figuro 11

$allu wall within the range prcdictmd bq simple tima independent

circuit modeling. The fuse size was chosari to carrq current for 6.-7

microseconds bofora vaporization in order to ● now time @or the

virtu~llq complete transfer of curr~nb out o@ the breaker branch.

Figure 12 shows tha (again expanded) current in the fuse and the

voltage across the rewistivsr compon~nt 0$ the ?use impedance. As in

the case of the breaker, the voltage #rem the resistive component is

found ?rom the measured #use volkage corrected for the 50 nH inductance

o# the fuse, ●nd ~igure 13 shows the impedance a~ the #use frrom the

ratio of the resis~ivo #use voltage to the current in the fu~e bvanch.

Based on the 50 cm X PO cm dimensions of the .00i” aluminum #use, thq

initial resi~tance is ●tcpected to be about 3 milliohms whi~h compaves

ver~ favorablq with (he meaaured data. Assuming tho same 500

microohm-cm rmsistivitu commarl to fast fuse vapor~ the fiIIal rc~istanco

would be uKpeckad tn be about 0.5 ohm. The somewhat larger valuas

obsarved in Figur@ 12 where the r~sistance is seen to ri~c to abaut i. !3

ohms before the measurem~nt Ius@s significance can be attributed to the

rapid trans#er o+ currant into the approximatalu 20 nH fixed inductive

load,

Fi~ure i4 whuwfi the current (“D”) transferr~d to tho Pixed load

displaqed on aii c~pamdud tima scale, At 42 microuecandu afltar currenti

risq, whom current boglns to ri-;e in the load, bhe current in khu

storage inductor is (fr.~m Figuro 7) about &44 MA. Applqing the mama

range of closing switch inductances ob,ervud ~11 khe hreakal, loop, Plum

Corlscrvwhiun prcdict~ curl’entrn hutwe~n 4U0-500 KA in thm luad lcrup,



And this ●gain corresponds well to thm 470 KA obscrwd in Figure 7.

Most significant, howevar, is the rime -tima o? the current in the load

which is seen to be less than %)0 nS. Thu~ the everall time

compression of the system from the slow charga current to the current

rise in the Ioad is %eon to be a fnctor o~ more than 70.

h--,.



G9JuLuisn

This rslativelq simple experim8nkal sequance demonstrated the

viabilitq a# using ● staged configuration of breakers and #uGeti to

accomplish pulsa cemprassian from tans to tanths OP microseconds with

current e#?iciancics that fall wall within those predicted by simpla

circuit conaidarakions. The ●rrang~ment of tha breaker and flusa

●mploqed in thosm airperimenkrn da nok represant an optimizad

configuration #or ● compact, low cost sqst~m~ but arriving ah ●

suitable configuration ia ~udgud to be straight foruard. Another .

important result of *he ●xparfment~ is the ●xtremelq successful

performance QF the br~aker which pruducad abaut 30 KV upon curr9nt

interruption but which readilq withutood more that 100 KV aftar about S

microseconds of commutation time or at laaat a fackor o+ 5 increasa in

holdafP strength, Tha ob-~iouu @xtansion OP this approach i~ a that o#

an intugral breuker/fuuc un~t in which the “vari~blc cro~~-s~cti~n”

naturo af the brwakf’r’s eporakion is optimixod to ,~ccompl ioh both

switching op~rationc in UIIU puck{lgu,
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